Candida albicans, a human fungal pathogen, is able to tolerate certain levels of environmental stresses. Its cell wall plays an important role in cellular homeostasis, responding to environmental stimuli. SRB1 gene encodes a GDP-mannose pyrophosphorylase that catalyzes the formation of the major cell wall component, mannan. The exact relationship between SRB1 and various stresses is not yet fully understood. In current study, C. albicans SC5314 cells were exposed to oxidative, hyperosmotic, and thermal stresses. The expression of SRB1 and related stress response genes, HOG1, CAP1, MKC1, and HSP90, was systematically evaluated in cells exposed to various levels of stress. In addition, the apoptosis and ultrastructural changes of the cells were examined. We found that the expression of SRB1 and related stress response genes significantly increased under oxidative, hyperosmotic, and thermal stresses, and the increased gene expression was correlated with higher percentages of apoptosis and ultrastructural changes in C. albicans cells. We propose that protein glycosylation is associated with stress response that involves SRB1 in C. albicans. Further in-depth studies of SRB1 function should aid our understanding of C. albicans pathogenesis, and provide important clues about the development of novel antifungal compounds for drug resistant C. albicans.
Introduction
Candida albicans is an important fungal pathogen of human. To survive in the ever-changing environment, C. albicans must tolerate different types of stresses (e.g., thermal, osmotic, and oxidative) by regulating multiple stress response signaling pathways, including the classical mitogenactivated protein kinase (MAPK) cascades represented by the high-osmolarity glycerol (HOG) and Mkc1 pathways.
A series of genes such as HOG1, PBS2, MKC1, PKC1, and HSP90 are expressed during the activation of these pathways. 1 The Cap1 pathway is activated in response to oxidative stress. 2 In addition, different stressful stimuli can act through different pathways and transcription factors to control the expression of a common set of genes.
Tetrandrine creates a pharmacological stress for fluconazole-sensitive C. albicans by down-regulating the expression of Srb1 protein and acting in synergy with fluconazole. 3 Srb1, encoded by the SRB1 gene, is a GDPmannose pyrophosphorylase that catalyzes the formation of GDP-mannose from mannose-1-phosphate and GTP. 4 GDP-mannose acts as a mannose donor, and participates in mannan synthesis and protein glycosylation. 5 SRB1 is required for the growth of Saccharomyces cerevisiae, 6 and its loss results in the inhibition of yeast growth, whereas downregulation of SRB1 has pleiotropic consequences, such as defects in budding, inhibition of cell division, flocculation, and cell lysis. 7 Interestingly, the down-regulation of SRB1
enhanced cellular sensitivity to antifungal drugs. 8 SRB1 is a highly conserved gene, and the sequences of this gene share 90% homology between C. albicans and S. cerevisiae. 9 Therefore, we hypothesized that SRB1 gene might participate in stress responses in C. albicans. In this study, we aimed to investigate the association between the expression of SRB1 and stress responses in C. albicans. We examined the changes in the expression of SRB1 and the associated stress response genes (HOG1, CAP1, MKC1, and HSP90) in C. albicans subjected to oxidative, hyperosmotic, and thermal stresses. We also investigated the changes in cellular ultrastructure, morphology, and apoptosis induced by different stressful stimuli.
Methods
Fungal strain and maintenance C. albicans SC5314 yeast cells were grown from a stock in yeast peptone dextrose (YPD) agar and were activated by repeated plating on YPD agar at 30
• C. A single fresh colony was used to inoculate 1 l of YPD liquid medium, and cultured at 30
• C with shaking at 200 rpm until midlog phase (OD 600 of about 0.5).
Treatments
To generate oxidative stress, fixed amounts of H 2 O 2 were added to the mid-log yeast cultures. The experiment entailed five treatment groups, with final concentrations of 0.2, 0.4, 1.0, 2.0, or 5.0 mM H 2 O 2 . To generate hyperosmotic stress, NaCl was added to the mid-log cultures to final concentrations of 0.3, 0.5, 1.0, or 2.0 M. Following these treatments, the cells were cultured at 30
• C with shaking. The yeast cells were collected after 10, 30, 60, and 120 min of treatment by centrifugation at 2500 g for 2 min. During the experiment, the volume of the culture medium (10 ml), and H 2 O 2 and NaCl concentrations were kept constant.
To generate thermal stress, mid-log yeast cultures were collected by centrifugation and immediately suspended in an equal volume of culture medium preheated to 42
• C. The cells were collected by centrifugation at 2500 g for 2 min after 10, 30, 60, and 120 min of treatment.
Quantitative polymerase chain reaction (PCR)
Total RNA was extracted using a fungal RNAout reagent kit (catalogue no. 80804-50, Tiandz, Beijing, China) according to the manufacturer's instructions. RNA purity was evaluated using the A 260 /A 280 values determined by using an Ultramicro UV spectrophotometer. The extracted total RNA was reverse-transcribed into cDNA using a PrimeScript RT reagent kit (Takara Bio Inc., Dalian, China) with both random 6 mers and oligo d(T) primers. The expression of SRB1, HOG1, MKC1, CAP1, and HSP90 genes was assayed using specific primers designed using Primer Premier 5.0 software and synthesized by Invitrogen ( was used as an internal reference gene as described previously. 10 The results were analyzed using Graphpad Prism 5.0 (Graphpad Software Inc., La Jolla, CA, USA), and gene expression levels were calculated as relative fold changes using the 2 − Ct method. Each experiment was performed in triplicate.
Detection of apoptosis
The cells were treated as described, centrifuged at 1000 g for 10 min, and washed at least three times with phosphatebuffered saline (PBS). Cells (1 × 10 6 colony-forming units/ml) were resuspended in 100 μl of Annexin-V-FLUOS labeling reagent (containing propidium iodide and Annexin V-FITC; Nanjing KeyGen Biotech. Co. Ltd., Nanjing, China), and incubated at room temperature (25
for 15 min. Next the cells were washed three times with PBS and re-suspended in 100 μl of PBS for apoptosis evaluation by flow cytometry (Accuri C6, BD, USA). At least 5 × 10 4 cells were analyzed, and the experiments were repeated three times.
Transmission electron microscope (TEM)
After different stress exposure the cells (1 × 10 6 colonyforming units/ml) were washed with sterile PBS, and centrifuged at 2000 g for 5 min. The supernatant was discarded, and cells were fixed in 2.5% glutaraldehyde (in sterile PBS, pH 7.2) overnight at 4
• C. After washing three times with sterile PBS, the cells were fixed in 1% osmium tetroxide for 1 h, and sequentially dehydrated in 30%, 50%, 70%, 80%, 90%, 95%, and 100% ethanol series in ddH 2 O, with 15 min incubation in each solution except for 100% ethanol (40 min, in triplicate). The sample was soaked in 2% propylene oxide for 1 h and embedded overnight in Epon 812 resin following the manufacturer's instructions. After staining with uranyl acetate and lead acetate, the ultra-thin sections was examined using a Titan TM G2 60-300 transmission electron microscope (Thermo Fisher Scientific, USA) and photographed.
Statistical analysis
Results are presented as the mean ± standard error of the mean and analyzed by SPSS 19.0 software (Armonk, NY, USA). The differences between the groups were examined using one-way analysis of variance (ANOVA) followed by Tukey honestly significant difference (HSD) post hoc test. Differences were considered significant at P < .05.
Results
Gene expression in fungal cells exposed to oxidative, hyperosmotic, and thermal stresses (Fig. 1) . When yeast cells were treated with 0.3 M NaCl for 10 min, no changes in the expression of MKC1, HOG1, and CAP1 (relative to control) were observed (Fig. 2) . When the treatment time was increased to 30 min or more, the expression of HOG1 and CAP1 increased, showing a positive correlation with the duration of treatment. The expression of SRB1 was higher than the expression of MKC1, HOG1, and CAP1 and exhibited a stressor concentration-and exposure time-dependent relationship, similarly to what was observed for the response to hyperosmotic stress. SRB1 expression was particularly strongly induced by hyperosmotic stress (Fig. 2) . When yeast cells were exposed to heat at 42
• C for 10 min, the expression of SRB1 and HSP90 was significantly higher than the expression of other genes, and the expression of all genes such as SRB1, HSP90, MKC1, HOG1, and CAP1 increased significantly in an exposure time-dependent manner (Fig. 3) .
Apoptosis of stress-exposed fungal cells
Apoptosis of C. albicans SC5314 cells was enhanced by different stresses. After 10-min and 120-min exposure to H 2 O 2 or NaCl, the percentage of apoptotic yeast cells showed a positive correlation with the concentration of the stressor (Fig. 4, 5) , with one exception: the mean apoptosis percentage for 5.0 mM H 2 O 2 -treated cells was somewhat lower than that for 2 mM H 2 O 2 -treated cells after a 120-min treatment (Fig. 4B) . A 10-min exposure to the lowest H 2 O 2 concentration (0.2 mM) did not significantly affect the number of apoptotic cells compared to the untreated control (P > .05), whereas higher concentrations of H 2 O 2 and/or longer treatment significantly (P < .05) increased the percentage of apoptosis (Fig. 4A, B) . Similar results were shown in hyperosmotic stress experiments: a 10-min exposure to the lowest concentration of NaCl (0.3 M) failed to affect the overall yeast apoptosis (Fig. 5A) . Incubation with higher concentrations of NaCl resulted in a concentrationdependent increase in apoptosis. Following a 120-min exposure (Fig. 5B) , all tested NaCl concentrations significantly enhanced the apoptosis of yeast cells (P < .05).
The induction of apoptosis in C. albicans SC5314 cells became evident after 30 min of thermal stress (Fig. 6) . The percentage of apoptosis was positively related with the . After a 10-min exposure to all tested concentrations of H 2 O 2 (A), no significant concentration-dependent differences in gene expression were noted (P > .05); longer incubation times (B-D) resulted in significantly higher gene expression levels than in the control (P < .05, one-way ANOVA). Data were normalized to the expression of 18S rRNA gene and presented as the mean ± standard error of the mean (n = 3).
duration of exposure to 42
• C, and the number of apoptotic cells was significantly higher in all heat exposed groups than in the untreated control (P < .05, Fig. 6 ).
Ultrastructural changes of fungal cells exposed to various stresses
TEM showed cell wall and cell membrane shrinkage following the exposure to different stresses (Fig. 7) . A 10-min exposure to either 0.2 mM H 2 O 2 or 5.0 mM H 2 O 2 did not markedly affect the cell wall and cell membrane structure, and few vacuoles and low electron density patches were visible in the cytoplasm, particularly at higher H 2 O 2 concentrations. Exposure to H 2 O 2 for 120 min resulted in evident shrinkage of the cell wall and cell membrane. Areas of uneven thickness, fuzzy cell membrane outline, protrusions, and high number of vacuoles and low electron density patches were noted (Fig. 7) . Exposure to other stressors such as NaCl and 42
• C resulted in similar ultrastructural changes, particularly after 120 min (Fig. 7) .
Discussion
In the majority of studies examining the changes in gene expression under environmental stress, only a single concentration of stressor and/or one time point were investigated. Few studies have evaluated the expression of multiple genes, or investigated the effects of a single stimulus on the expression of genes involved in different stress signaling pathways. Therefore, an integrated analysis of the effects of various stimuli, treatment periods, and drug concentrations -min exposure to all tested NaCl concentrations (A), and after a 30-min exposure to 0.3 M NaCl (B), no significant concentration-dependent differences in the expression levels of various genes were observed (P > .05). In contrast, after longer incubation and in the presence of higher NaCl concentrations (B-D), the expression levels of all genes were significantly higher than in the control (P < .05, one-way ANOVA). Data were normalized to the expression of 18S rRNA gene and presented as the mean ± standard error of the mean (n = 3).
is necessary to get a comprehensive understanding of stress response mechanisms in C. albicans. Based on previous studies, 11, 12 we used 0. The occurrence and severity of apoptosis, and changes in cellular morphology induced by high osmotic and thermal stresses were similar to those induced by oxidative stress.
In the current study, we found that the transcription of CAP1 was up-regulated upon oxidative stress response, consistent with previous studies. 2, 13 We observed that oxidative stress response was rapid; as the stress duration increased, the expression of CAP1 remained stable and then decreased slightly. The reason for this phenomenon could be that the activation of other, currently unknown, pathways may promote the resistance to oxidative stress. High osmotic pressure can cause rapid cellular dehydration and shrinkage, leading to structural abnormalities. 14 In our experiments, during the initial stages of hyperosmotic stress, we found no significant changes in HOG1 expression. However, after longer periods of hyperosmotic stress (30-120 min), HOG1 expression increased in proportion to NaCl concentration. We believe that the cellular response to hyperosmotic stress represents a delayed type of stress response; the temporal characteristics of the expression of stress response genes are distinct from those observed during oxidative stress. In this study, we rapidly exposed C. albicans cells actively growing at 30
• C to 42
• C to induce thermal stress.
We found that the expression of stress response genes under such stress was similar to that observed under high osmotic pressure. In particular, the expression levels of stress response genes were directly proportional to the duration of exposure to 42
• C, similar to cellular response to longer exposure to NaCl. Under thermal stress for 10 min, the expression of HSP90, a representative gene of the thermal stress pathway, was markedly upregulated. Considering the results on the apoptosis of C. albicans after exposure to 42 • C, 42
• C heat exposure is a significant stress for C. albicans to adapt. However, it is worth noting that additional stresses (e.g., centrifugation, pipette-mixing) may have impacted the results. SRB1 expression was significantly affected by all three stresses. Srb1 protein is located at the cell wall and mainly participates in the synthesis of mannan and protein glycosylation. Glycosylation is an important protein modification that regulates protein function. A link between protein glycosylation and stress responses has been demonstrated. For example, Henle et al. reported increased HSP70 expression and increased protein glycosylation in rat fibroblasts under thermal stress. 15 Rapid changes in protein glycosylation were most pronounced at the early phase of a 45
• C heat stress. 16 Initially, we anticipated that Srb1 protein would be associated with the cell integrity pathway that involves Mkc1 protein. Therefore, we investigated the expression of MKC1. However, we did not observe any correlation between the expression pattern of SRB1 and MKC1. This indicates that although Srb1 protein plays a role in the structural properties of the cell, its function in stress response is not mediated by a direct participation in the cell integrity pathway. However, it is possible that the activation of MKC1 signaling via phosphorylation or CAP1 transcriptional activity via oxidation impacts Srb1 expression. SRB1 could also be linked with other existing pathways by modulating the glycosylation status of various proteins that participate in stress response. Several previous studies lend support to this hypothesis. In particular, Srb1 protein level is increased in the presence of heavy metals, 17 and SRB1 expression is elevated in alkaline environments. 18 Furthermore, Koyama et al. reported changes in the cell wall mannan structure of C. albicans under oxidative, osmotic, and thermal stresses. 19 Notably, RNA-seq technique has been employed to generate a high-resolution map of C. albicans Data were presented as the mean ± standard error of the mean. Statistical significance of differences between the apoptotic cell percentages in treated and untreated groups were indicated as follows: * P < .05; * * P < .01; * * * P < .001 (one-way ANOVA; n = 3). Data were presented as the mean ± standard error of the mean. Statistical significance of differences between the apoptotic cell percentages in treated and untreated groups were indicated as follows: * P < .05; * * P < .01; * * * P < .001 (one-way ANOVA; n = 3). Data were presented as the mean ± standard error of the mean. Statistical significance of differences between the apoptotic cell percentages in treated and untreated groups were indicated as follows: * P < .05; * * P < .01; * * * P < .001 (one-way ANOVA; n = 3).
transcriptome under several different environmental conditions. 20 It is worthy to check this comprehensive transcriptome to screen and identify newly transcribed genes related to SRB1 upon stress response. In this study, we found that SRB1 and stress responses are linked in C. albicans. We systematically evaluated the effects of different types of stress and their duration on the expression of stress response genes. Quantitation of apoptosis and TEM analysis verified that the employed treatment conditions were definite and effective. We propose that protein glycosylation is associated with stress response that involves SRB1 in C. albicans, but the exact mechanism remains unknown. Further in-depth studies of SRB1 function should aid our understanding of C. albicans pathogenesis and provide important clues about the development of novel antifungal compounds for drug resistant C. albicans.
